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ABSTRACT: Single atom catalysts (SACs) are excellent model systems in catalysis research, and we here employ them to 
address the fundamental catalytic challenges of generating well-defined active metal centers and elucidating their interac-
tions with coordinating atoms define the performance. We introduce a soft-landing molecular strategy for tailored SACs 
based on metal phthalocyanines (MPc, M = Ni, Co, Fe) on graphene oxide (GO) layers to generate well-defined model 
targets for mechanistic studies. The formation of electronic channels through π-π conjugation with the graphene sheets 
enhances the MPc-GO performance in both oxygen evolution and reduction reactions (OER and ORR). Density-functional 
theory (DFT) calculations unravel that the outstanding ORR activity of FePc-GO among the series is due to the high affinity 
of Fe atoms towards O2 species. Operando X-ray absorption spectroscopy (XAS) and DFT studies demonstrate that the OER 
performance of the catalysts relates to thermodynamic or kinetic control at low or high potential ranges, respectively. We 
furthermore provide evidence that the participation of ligating N and C atoms around the metal centers provides a wider 
selection of active OER sites for both NiPc-GO and CoPc-GO. Our strategy promotes the understanding of coordination-
activity relationships of high performance SACs and their optimization for different processes through tailored combina-
tions of metal centers and suitable ligand environments. 
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The green electrification of our industrial production and 
societies has raised an urgent need for the informed design 
of low-cost electrocatalysts. Both the electrocatalytic oxy-
gen reduction reaction (ORR) and the oxygen evolution re-
action (OER) are promising strategies for sustainable en-
ergy conversion and storage.1,2 However, due to the in-
volved proton-coupled four electron transfer reaction pro-
cess involving two oxygen centers, these electrode reac-
tions exhibit sluggish kinetics and higher energy demands 
compared to hydrogen electrode reactions.1,3,4 Although 
great efforts have been made to improve their catalytic ef-
ficiency with manifold strategies,5–9 the effective turnover 
frequencies (TOFs) of heterogeneous catalysts are still far 
behind those of homogeneous catalysts due to the majority 
of active sites that remain inaccessible inside their bulk 
phases. On top of this, identifying and understanding the 
relative influence of active centers and ligating atoms on 
the activity of heterogeneous catalysts is drastically re-
stricted by the complex analytical setups that are required 
for monitoring their detailed structural changes under op-
erational conditions. 
In order to obtain the urgently required insight into re-
action mechanisms at the atomic level, catalysts have thus 
been continuously downsized from nanoparticles10 over 
clusters and molecules,11 and most recently to single atom 
catalysts (SACs).12–17 SACs with fully exposed active sites 
can permit a most direct exploration of structure-activity 
relationships on the atomic level,18 but they still pose sev-
eral issues. In the following, we address major mechanistic 
and design challenges of both current SAC and general het-
erogeneous catalysis research, such as: How exactly do the 
coordinating atoms influence the resulting activity? 
Whereas coordination-activity relationships are a strong 
focus of molecular catalysis, they are surprisingly far less 
explored for SACs. To the best of our knowledge, no exper-
imental mechanistic studies have been conducted for the 
OER with SACs. 
 
Regarding preparative progress, the dispersion of single 
atoms on N-doped carbon supports has been widely re-
searched19–23 due to their high specific surface area and 
electronegativity, which provide abundant anchoring sites 
for stabilizing single atoms.23,24 However, the synthesis of 
N-doped carbon-based SACs involves high-temperature 
pyrolysis of C-N based precursors or defective graphene 
oxide (GO) under inert gas or NH3 atmosphere for the sta-
bilization and separation of metal atoms. Therefore, aggre-
gation of the catalytic centers is still hard to prevent.25 Even 
though subsequent acid pickling is usually employed to re-
move clusters or nanoparticle side products, the resulting 
catalysts then suffer from low metal contents, and the fur-
ther influence of these acid treatments remains unclear.26 
As tailoring of the coordination environment in such SACs 
remains challenging due to the diverse valences of metal 
centers, defective substrates and limited control options 
over the pyrolysis process, we present a facile and clean 
strategy here to generate well-defined model SACs for 
mechanistic studies. 
 Concerning the coordination environment of the metal 
centers in SACs and the electronegativity of the neighbor-
ing species, recent works have demonstrated that both play 
a crucial role in the catalytic activity.27–30 Huang et al.31 sug-
gested that the C atoms next to N atoms in Ni-N4-C4 SACs 
also act as active sites, providing a dual reaction pathway 
for OER. Feng et al.32 proved that the replacement of N by 
S atoms in the Ni-N4-C moiety can significantly promote 
the water oxidation activity. More recently, the Ni-O-G 
SACs with oxygen coordination has notably improved the 
activity of Ni SAC for OER.33 These studies revealed that 
synthetic design of SACs with well-defined coordination 
environments is of vital importance for enhanced catalytic 
activity for OER. Given that general investigations of this 
crucial issue are still in their start-up stage,34 we here pro-
vide substantial evidence for the important participation of 
the coordinating atoms. 
To this end, we introduce a molecular strategy for soft-
landing well-coordinated heterogeneous SACs (in the fol-
lowing referred to as HSACs) based on metal-phthalocya-
nine (MPc, M=Ni, Co, Fe) molecular catalysts. We here 
conjugate the reportedly most promising base metal cen-
ters35 to graphene oxide (GO) layers to generate highly de-
fined catalysts for our innovative mechanistic investiga-
tions. While similar systems consisting of MPc and carbon 
materials were applied for catalysis,36,37 their reported OER 
performances leave room for further improvement.38 The 
molecular based SACs here provide us with accurate coor-
dination models for exploring structure/coordination-per-
formance relationships, which have rarely been investi-
gated in SACs. DFT calculations on these tailored model 
systems combined with experimental XPS and XAS studies 
substantiate chemical interaction between the two compo-
nents, which provides channels for electron transfer, lead-
ing to improvement of the electrochemical performance. 
The electrochemical OER and ORR activities of NiPc-GO 
and FePc-GO are higher than those of commercial RuO2 
and Pt/C reference catalysts, and most of the recent SACs 
(cf. Tables S9-10). XAS and high-angle annular dark-field 
scanning TEM (ADF-STEM) results demonstrate that the 
metal centers in the hybrid MPc-GO catalysts are uni-
formly coordinated by the N4-C8 plane of the MPc mole-
cules. The operando XAS studies combined with DFT cal-
culations demonstrate the presence of opposite OER/ORR 
activity trends, which are strongly linked to the coordinat-
ing atoms around the metal centers. Therefore, we propose 
a ligating atom-assisted OER mechanism, which provides 
an explanation as to why the most current single site SACs 
are more suitable for ORR than for OER. 
Our combination of operando XAS spectroscopy and 
DFT analyses with electrochemical measurements pro-
vides comprehensive evidence of distinctive, ligand-de-
pendent OER vs. ORR pathways in HSACs. In the follow-
ing, we also demonstrate how the respective coordinating 
atoms display different behavior towards the OER reaction 
intermediates.  
 
RESULTS AND DISCUSSION 
NiPc, CoPc, and FePc molecules were selected as the pre-
cursors in our study since they form very well-defined co-
ordination environments with C/N atoms and are widely 
used as reference compounds to identify SACs. We first 
calculated the charge distributions of NiPc, CoPc and FePc 
coupled with graphene (Figs. 1a, b, c). The isosurface plots 
clearly show charge redistribution between graphene and 
 
MPc molecules due to π-π stacking. Charge difference anal-
yses further demonstrate the charge transfers between gra-
phene and MPc molecules (Figs. 1d). Especially, the charge 
transfer in FePc-Graphene is more intense as the density of 
electron clouds is higher compared to those of NiPc-and 
CoPc-Graphene. In general, graphene-like structures can 
modify polarized electron-rich and electron-depleted sites 
by adding or removing electrons, which results in delocal-
ization of π electrons and further tuning of the electronic 
structure. In this configuration, both the graphene and 
MPc contain π electrons and sp2 hybridized carbon, so that 
their interaction can physically increase the delocalization 
of π electrons on both surfaces, forming transition chan-
nels for electrons. Furthermore, electron redistribution, in 
turn, changes the local electron environment of the adja-
cent N, C and metal atoms on MPc, which is assumed to 
enhance their catalytic performance.39  
 
 
Figure 1. DFT simulations of the synergistic effect between MPcs (M=Ni, Co, Fe) and GO. Isosurface plots of charge redis-
tribution for (a) NiPc-GO, (b) CoPc-GO and (c) FePc-GO and (d) integrated charge transfer curves; yellow or violet color 
represents the accumulation or depletion of electrons, respectively. (e) Schematic illustration of the synthetic route to 
HSACs. (f-h) ADF-STEM images of NiPc-GO at different magnifications. (i) EDX mapping of NiPc-GO. (j-k) ADF-STEM 
images of CoPc-GO and FePc-GO.  
 
 
Based on the above configurations predicted by DFT, we 
designed a molecular strategy for soft-landing well-coordi-
nated metal phthalocyanine molecules on graphene oxide 
layers (NiPc-GO, CoPc-GO, and FePc-GO) as shown in Fig. 
1e. The strategy is different from previous synthesis meth-
ods that directly use inorganic metal ion precursors to be 
captured by the defects on carbon supports or to react with 
N ions into M-N bonds.40,41 In this approach, metal centers 
are strongly coordinated by the C/N atoms to maintain a 
neat and controllable local environment and subsequently 
landing on the GO sheets. This is crucial because the cata-
lytic activity of single site catalysts has been theoretically 
proven to be sensitive to the local coordination environ-
ment.27 In addition, the strong coordination by the phthal-
ocyanine ligands can also suppress the aggregation of 
metal atoms under pyrolysis conditions, thus providing a 
high content of single metal atoms. As determined from 
inductive coupled plasma mass spectrometry (ICP-MS, Ta-
ble S1), the contents of metal atoms in our catalysts are as 
high as 1.65, 1.70 and 1.60 wt % for NiPc-GO, CoPc-GO and 
FePc-GO, respectively, which is higher than many current 
SACs.12,13,42   
To directly identify the atomic dispersion of NiPc, CoPc 
and FePc on GO layers, ADF-STEM imaging was used for 
all samples. The uniform distribution of heavy metal atoms 
(bright spots) throughout the GO substrate is evident from 
the STEM images (Fig. 1f). Higher magnification further-
more provides atomic resolution of the metal atoms and 
structural information for the GO (Figs. 1g-h). The typical 
uniform honeycomb lattice of the graphene layers is evi-
dent from Fig. 1h, indicating a well-maintained structure 
and good conductivity. It is likely that the MPc molecules 
intertwine with each other contaminating the pristine gra-
phitic surface and limiting the STEM resolution. Despite 
this, the relatively heavy Ni atoms can be identified as 
bright dots compared to the surrounding C atoms. Energy 
dispersive X-ray spectroscopy (EDX) confirms the compo-
sition of NiPc-GO samples containing heavy Ni elements 
(Fig. 1i). CoPc-GO and FePc-GO samples display a similar 
atomic dispersion on GO sheets as shown in Figs. 1j-k. The 
EDX measurements at lower magnifications (Fig. S1) and 
STEM images at different magnifications (Fig. S2-S3) fur-
thermore show the uniform dispersion of the molecules on 
the GO sheets. Further comparison of HRTEM images 
(Figs. S4-S8) including NiPc-GO, CoPc-GO, FePc-GO, GO 
(pyrolysis at 300 oC) and pure NiPc also shows the disper-
sion of molecules on GO sheets. No reflections of metal na-
noparticles were found in powder X-ray diffraction pat-
terns (PXRD), and Raman spectra indicated that the pyrol-
ysis process does not form any nanoparticles in the samples 
(Figs. S9-10). The similar Raman spectra and PXRD pat-
terns of the MPcs before and after pyrolysis (300 oC) show 
that the local structure around the metal centers in MPcs 
is still well preserved (Figs. S11-12). The PXRD patterns 
(Figs. S13-14) of GO before and after 300 oC pyrolysis con-
firm that there is almost no damage on the GO lattice after 
pyrolysis, which is backed up by elemental analysis (Table 
S2) and HRTEM results (Fig. S8).  
Chemical composition and states were further examined 
by X-ray photoelectron spectroscopy (XPS). The results re-
veal that the samples contain C, N and O as non-metallic 
elements, and Ni, Co and Fe as metallic components, re-
spectively (Fig. S15). High-resolution spectra are shown in 
Fig. S16. Two main peaks in NiPc-GO assigned to Ni2+ are 
present at binding energies of around 855.8 and 873.2 eV 
with two negligible satellite peaks at 863.2 and 879.4 eV. In 
the CoPc-GO sample two peaks at 780.3 and 795.8 eV be-
long to Co2+ with two satellite peaks at 786.0 and 804.0 eV, 
and a slight Co3+ peak is also observed at 782.0 and 796.3 
eV. The oxidation state for FePc-GO is quite different and 
almost all the signals arise from Fe3+. The noise most likely 
arises from the low content of Fe atoms.43,44 The high-res-
olution spectra of C1s and N1s for all three samples are very 
similar. In spectra of C1s, the main peaks at around 284.5 
and 286.1 eV can be attributed to the phenyl rings and pyr-
role carbon atoms, representing C-C and C-N bonds, re-
spectively. The peaks in N1s at around 399.1 and 400.1 eV 
correspond to N-C and N-M bonds (M = Ni, Co, Fe). The 
comparison with pure NiPc, CoPc and FePc furthermore 
shows that the binding energies of all metal are slightly 
shifted to higher energies, especially in FePc-GO, which in-
dicates the presence of chemical bonding between the 
molecules and GO (Figs. S16a-f). The presence of Co3+ and 
Fe3+ in the pure MPcs may be associated with the strong 
adsorption of O2 (Figure S53), leading to oxidation. Similar 




Figure 2. Structural characterization from XANES and EXAFS spectroscopy. (a-c) Ni, Co and Fe K-edge XANES spectra and 
their first derivative (insets) for NiPc-GO, CoPc-GO, FePc-GO and corresponding reference oxides. (d-f) Fourier- 
|FT(k3χ(k))| and Wavelet-Transform (WT, 2D contour plots) spectra of the EXAFS signal for NiPc-GO, CoPc-GO, FePc-GO 
and their reference oxides (phase uncorrected). The spectra at the bottom show the fittings (dashed) of the experimental 
|FT(k3χ(k))| spectra (red) of NiPc-GO, CoPc-GO and FePc-GO (phase uncorrected). 
 
In earlier works on transition-metal-based catalysts the 
metal centers were established as the initial and unique ac-
tive sites. However, with the advent of SACs it became 
clear that the local coordination environment of the metal 
centers also plays an important role in the performance.46 
To assess the electronic structure and local environment of 
the catalysts, the Ni, Co and Fe K-edge X-ray absorption 
near edge structure (XANES) spectra were investigated 
(Figs. 2a-c). The pre-edge peak in the XANES spectra of 
NiPc-GO (∼8334 eV) and CoPc-GO (∼7708 eV), arising 
from dipole-forbidden but metal Ni or Co hybridized or-
bital 1s→3d(metal)4p(ligand) quadrupole-allowed transi-
tions are very low in intensity due to the high D4h centro-
symmetry of those samples (Figs. 2a-b). The 3d orbitals of 
Ni2+ and Co2+ are almost fully occupied. The intensity of the 
pre-edge peak due to 1s→4pz transitions at ∼8339 eV for 
NiPc-GO and ∼7717 eV for CoPc-GO exhibits comparable 
intensity to that of NiPc and CoPc (Figs. 3g,h). In FePc-
GO, due to the dominant Fe3+ states with empty 3d-orbit-
als, the pre-edge peak arising from 1s→3d transitions at 
∼7114 eV is more notable (Figs. 2c, 3i). While the Ni, Co 
and Fe K-edges exhibit a similar near edge structure to 
those of NiPc, CoPc and FePc, their absorption edges are 
slightly shifted to higher energy (Figs. 3g-i). This is due to 
the spontaneous charge transfer from delocalized unpaired 
electrons from the 3d-orbital of the active metal centers Fe, 
Co, and Ni to the N/C 2p orbitals of the GO layer as is evi-
dent from the DFT calculations above. Evaluation of the 
 
XANES spectra in Figs. 2a-c shows that pristine NiPc-GO, 
CoPc-GO and FePc-GO unveil distinct local coordination 
and oxidation states when compared to those found in ref-
erence Ni/Co/Fe-oxides. Comparisons of the rising absorp-
tion edge and first derivative of the XANES spectra for pris-
tine NiPc-GO, CoPc-GO, FePc-GO and reference 
Ni/Co/Fe-oxides are shown in the insets of Figs. 2a-c, and 
with higher magnifications in the insets of Figs. 5a-c. The 
XAS spectra of NiO and Ni2O3 oxide references are quite 
similar to each other, as has been previously reported.47–50 
While the rising absorption edge of NiPc-GO is located be-
tween those of reference NiO and Ni2O3 oxides, the former 
one is far closer to that of divalent NiO (Figs. 2a, 5a), which 
indicates the prevailing presence of Ni2+ oxidation states in 
NiPc-GO. Moreover, the XANES spectrum of NiPc-GO is 
similar to that of the Ni(II) phthalocyanine (NiPc) refer-
ence (Fig. 3g). This verifies further the prevailing Ni2+ oxi-
dation states in NiPc-GO, which also agrees with earlier 
XAS studies on NiPc-based compounds.51 For CoPc-GO, 
the spectrum is located between those of CoO and Co2O3 
indicating a mixed Co2+/Co3+ oxidation state. The rising ab-
sorption edge and the highest peak in the 1st-derivative of 
the XANES spectrum of FePc-GO overlap with those of 
Fe2O3, indicating the presence of Fe3+. These valence states 
agree with previous reports,46,52 and are also in agreement 
with the results from XPS (Fig. S16). 
 
Figure 3. Electrochemical OER/ORR characterizations. (a) OER LSV curves of NiPc-GO, CoPc-GO and FePc-GO, with mean 
overpotentials from 5 measurements (inset), and the corresponding Tafel plots (b). (c) LSV curves before and after 3000 CV 
cycles and long-term chronoamperometric OER test (inset) of NiPc-GO. (d) ORR LSV curves in 0.1 M oxygen-saturated 
KOH solution at a scan rate of 5 mV s−1. (e) LSV curves of FePc-GO with a scan rate of 5 mV s−1 at different rotation rates 
and the Koutecky–Levich (K–L) plots (inset). (f) LSV curves after 2000 and 5000 CVs in the potential range of 0.2–1.2 V vs. 
RHE in 0.1 M oxygen-saturated KOH solution at a scan rate of 5 mV s−1. (g-i) Ni, Co and Fe K-edge XANES spectra and first 
derivatives (insets) of NiPc-GO, CoPc-GO and FePc-GO before and after coupling with graphene oxide (GO) layer. 
 
 
  The local structures of the metal centers in NiPc-GO, 
CoPc-GO, FePc-GO were further derived from the Fourier 
|FT(k3χ(k))| and wavelet-transform (WT) of the EXAFS 
spectra (Figs. 2d-f). While the |FT(k3χ(k))| and WT spec-
tra of NiPc-GO, CoPc-GO and FePc-GO show similar local 
structural features, none of their peaks match with those 
of their reference Ni/Co/Fe oxides, indicating the totally 
different atomic local-coordination of the single metal cen-
ters. The main peak intensity in the real-space |FT(k3χ(k))| 
and WT spectra at ∼1.5 Å relates to backscattering from 
neighboring N atoms in the first coordination shell with 
interatomic distances of 1.90 Å (NiPc-GO), 1.91 Å (CoPc-
GO) and 1.92 Å (FePc-GO), and a main coordination num-
ber N (Ni/Co/Fe-N)=4. The peak at ∼2.5 Å relates to 
backscattering from neighboring C (Ni/Co/Fe-C = 8) and 
N (Ni/Co/Fe-N = 4) atoms in the second coordination 
shell, with interatomic distances into the range of ∼2.94-
3.39 Å. Other relevant structural parameters, namely inter-
atomic distances, atomic coordination numbers (N) and 
Debye-Waller factors (σ2), as calculated from non-linear 
least-squares fitting of the |FT(k3χ(k))| spectra (bottom of 
Figs. 2d-f), are given in Tables S4a-S4c. The contributions 
of each fitted single scattering path to the total fitted 
EXAFS spectra |FT(k3χ(k))| are shown in Figs. S46-S48. As 
shown in Figs. S46-S48 and Tables S4a-S4c, the 1st, 2nd, 
3rd and 5th scattering paths Ni/Co/Fe-N, Ni/Co/Fe-C, 
Ni/Co/Fe-N and Ni/Co/Fe-C from the NiPc, CoPc and FePc 
molecules contribute more notably to the experimental 
|FT(k3χ(k))| spectra, with ranks of 100, 66.4, 27.3 and 28.6 
%, respectively. The 4th scattering path Ni/Co/Fe-C, with 
a rank of 14.3%, corresponds to backscattering from the six 
C atoms from the GO layer at interatomic distances of ∼3.7-
3.8 Å, as shown in Figs. S49-S50. Although the intensity of 
this scattering path seems to be lower, its inclusion im-
proves notably the fitting into the range ∼2.97-3.56 Å of the 
|FT(k3χ(k))| spectra and significantly reduces the R-factors 
as shown in Figs. S46-S48 and Tables S4a-S4c. Based on 
these results it is clear that all these five scattering paths 
can be well-fitted to the measured |FT(k3χ(k))| spectra, 
thereby corroborating that our optimized model structures 
from DFT calculations agree very well with the experi-
mental EXAFS data. From these results, it is also clearly es-
tablished that the square-planar Ni-N4, Co-N4, and Fe-N4 
moieties with D4h symmetry, as well as the overall local 
structure and the coordination environment of the precur-
sor molecules NiPc, CoPc and FePc are largely retained in 
pristine NiPc-GO, CoPc-GO and FePc-GO after conjuga-
tion with the GO layer as shown in Figs. S17 and S49-S51. 
 
For the OER performance, the linear sweep voltammetry 
(LSV) curves (Fig. 3a) show that NiPc-GO exhibits the best 
activity with an overpotential of 320 mV at the current den-
sity of 10 mA cm-2 without iR compensation. The overpo-
tentials for CoPc-GO and FePc-GO are 370 mV and 420 mV 
at 10 mA cm-2, respectively. The normalized activities to the 
mass of the catalysts are 300 mV, 330 mV and 370 mV at 10 
A g-1, respectively, as shown in Fig. S18. The activities with 
iR correction do not differ significantly from those without 
iR compensation (Fig. S18). The overpotential of NiPc-GO 
is 50 mV lower compared to a commercial RuO2 reference 
at 10 mA cm-2 (Fig. S19) and superior to most of previous 
reported SACs (Table S9).31,53 The GO-300 (pyrolysis under 
300 oC)  shows inferior OER activity with an overpotential 
of 530 mV at the current density of 10 mA cm-2, probably 
due to the O atoms and defects as reported in previous 
studies.54,55 The OER activities of bare Ni-Pc, Co-Pc and Fe-
Pc molecules without GO were also tested as shown in 
Figs. S20-22. Almost no activities were observed for all the 
bare molecular compounds, suggesting that their synergis-
tic effects with GO contribute to the observed enhanced 
performance. Other than the activity, an interesting phe-
nomenon observed in the OER LSV curves is that the raise 
of current density for FePc-GO sets in much earlier than 
that of CoPc-GO and NiPc-GO, which does not correspond 
with the recorded overpotentials at 10 mA cm-2. The rea-
sons for this anomaly are discussed in detail below. The 
Tafel slope of NiPc-GO is 61 mV dec-1, much lower than 
those of CoPc-GO (83 mV dec-1) and FePc-GO (112 mV dec-
1, Fig. 3b), suggesting superior OER kinetics. NiPc-GO 
shows the lowest electrochemical impedance spectroscopy 
(EIS) values at 1.5 V vs. RHE compared to those of CoPc-
GO and FePc-GO (Fig. S23), indicating a notably lower 
charge transfer resistance at this potential. This can be also 
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observed from the corresponding LSV curves. The stability 
of NiPc-GO was investigated by measuring its polarization 
curve after 3000 CV cycles, which showed only negligible 
changes (Fig. 3c). Chronoamperometry measurements on 
Ni foam further showed that the catalyst retains its cata-
lytic activity for more than 17 h above 10 mA cm-2 (inset Fig. 
3c). The bare Ni foam shows a very small current density of 
3.5 mA/cm2 in comparison under the same measurement 
conditions (Fig. S24).  
The electronic structure of NiPc-GO, CoPc-GO and 
FePc-GO after OER was derived from XAS spectra. The re-
spective Ni, Co, and Fe adsorption K-edges in the XANES 
spectra were slightly shifted to higher energy, which is as-
cribed to an increase in the oxidation state of the metal at-
oms after OER (Figs. S25, S27, S29). The overall features of 
the post-catalytic EXAFS spectra |FT(k3χ(k))| of NiPc-GO, 
CoPc-GO and FePc-GO after OER (Figs. S26, S28, S30), 
were similar to those of the pristine samples. This suggests 
that the square-planar symmetry D4h of the metal center in 
NiPc-GO, CoPc-GO and FePc-GO only underwent minor 
changes in the coordination structure after OER, due to a 
small disorder induced by adsorbed OH−/O2/H2O species 
perpendicular to the D4h molecular plane. Furthermore, 
ICP-MS analysis after OER showed that no metal ions were 
leached into the electrolyte (see Table S3). These results in 
their entirety demonstrate that the phthalocyanine coordi-
nation environment on top of the GO layer indeed stabi-
lized the metal centers. 
 
Figure 4. DFT calculation of ORR and OER. (a) Atomic configurations of the catalysts for OER/ORR with different adsorp-
tion states towards intermediates. Free energy diagram of (b-d) ORR and (e-g) OER for NiPc-GO, CoPc-GO and FePc-GO 
on metal centers: black lines represent the initial states and colored lines indicate the needed potentials for initiating the 
reactions.  
 
The catalysts also exhibit outstanding ORR perfor-
mances (Figs. 3d-f). The LSV curve of FePc-GO exhibits an 
extremely high half-wave potential of 0.89 V, which is 60 
mV more positive compared to commercial Pt/C and other 
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reference materials (Fig. 3d) and better than most of ORR 
electrocatalysts based on non-precious-metal elements 
(Table S10). The limiting current density (≈5.33 mA cm−2) 
outperforms that of Pt/C (≈4.63 mA cm−2) (Fig. 3d). The 
enhanced performance of the MPcs after coupling with 
carbon materials was also reported in previous studies.45,56 
The ORR reaction mechanism was further investigated by 
applying the Koutecky–Levich (K-L) equation and the ro-
tating ring disk electrode (RRDE) technique. The number 
of transferred electrons for FePc-GO is about 4.06 (Fig. 3e), 
which is quite close to the measured value of Pt/C (4.0, Fig. 
S32), revealing that the oxygen reduction proceeds via a 
near-four-electron pathway. The evolution of peroxide 
(HO2−) during the ORR process is strikingly suppressed to 
less than 2.4 % yield (Fig. S31), proving excellent selectivity 
of direct O2 reduction to OH−. The ORR kinetics of FePc-
GO were evaluated by RRDE tests at different rotation 
speeds ranging from 400 to 2500 rpm (Fig. 3e). The diffu-
sion saturated current density increases with respect to the 
rotation rate, because at higher speed the diffusion dis-
tance of oxygen saturated solution is shortened, which im-
proves the mass transport notably. The Koutecky–Levich 
(K–L) plots obtained from RDE tests show good linear and 
parallel characteristics (inset Fig. 3e), demonstrating the 
first-order reaction kinetics with respect to the dissolved 
oxygen concentration in the solution and the similar num-
ber of electrons transferred during ORR at different poten-
tials. The number of transferred electrons is about 4.06, 
which matches well with the RRDE results and the results 
of Pt/C (Figs. S32-33). The stability of FePc-GO was further 
examined by measuring the RDE polarization curves be-
fore and after 5000 CV cycles, and the result shows almost 
no increase of the half-wave afterwards (Fig. 3f). Further 
high-resolution TEM images (Figs. S34-42) and ICP-MS 
measurements show that no metal particles were gener-
ated and no metal ion leaching was detected after ORR ca-
talysis (Table S2). The ORR performances of GO after 300 
oC pyrolysis and MPcs were also examined (Figs. S43-45), 
and all of the samples show analogous trends as seen for 
OER, namely that the conjugation with graphene signifi-
cantly improves the ORR performance.  
    This improvement in the performance for the OER and 
ORR after conjugation with the graphene nanosheets can 
be ascribed to the interaction between the MPc molecules 
and the GO layers as unraveled from the DFT calculations 
in Figs. 1a-d. To further confirm this favorable effect, 
XANES spectra were recorded for the three MPc precursor 
molecules before and after conjugation with GO (Figs. 3g-
i). The edge absorption energies of NiPc-GO, CoPc-GO and 
FePc-GO are slightly shifted to higher energy, especially on 
the rising-edge, which corresponds to the second peak in 
the 1st-derivative of the XANES spectra (insets Figs. 3g-i). 
These energy shifts of the rising absorption K-edge imply 
some hybridized charge transfer between delocalized un-
paired electrons from the 3d-orbital of the metal centers 
Fe, Co, Ni and the C 2p orbitals of the GO layer, which con-
firms the creation of electronic channels at the inter-
face.57,58 Results from the non-linear least-square fitting of 
the EXAFS spectra |FT(k3χ(k))| of NiPc-GO, CoPc-GO and 
FePc-GO (Figs. 2d-f, Figs. S46-S48, and Tables S4a-S4c), 
reveal that the metal centers Ni, Co and Fe are coordinated 
with six C atoms from the GO lattice, with interatomic dis-
tances Ni/Co/Fe-C = 3.76-3.79 Å, as shown in the inset of 
Figs. S49-S51. Fitted structural parameters are given in Ta-
bles S4a-S4c. This interaction of GO and MPc molecules is 
also in line with the XPS spectra shown in Fig. S16.  The 
external π ligand has been proven to increase the activity 
of the metal centers.39,59 Therefore, we propose that the en-
hanced OER and ORR performances are due to the opti-
mized electronic structure and the local coordination en-
vironment between the MPc molecules and the GO 
nanosheets. 
Since the performance order for ORR (FePc-GO > CoPc-
GO > NiPc-GO) is inverted with respect to OER (NiPc-GO 
> CoPc-GO > FePc-GO), we conclude that the metal cen-
ters behave differently in OER and ORR even though they 
display the same local coordination environment. To con-
firm this hypothesis, OER and ORR performances of the 
HSACs with well-defined coordination environments were 
theoretically evaluated by computing their free energy di-
agrams as shown in Fig. 4 and Tables S5-S6 (see SI for de-
tails). All calculations were conducted at the metal centers 
based on previous works using the so-called computational 
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hydrogen electrode approach.27,60  For ORR (Figs. 4b-d), 
all elementary steps proceed spontaneously at U=0 V (but 
not for NiPc-GO in our case) because all electron transfer 
steps are exergonic (ΔG < 0). When the output potential 
increases above the determining potential (-0.93 V, 0.53 V 
and 0.54 V for NiPc-GO, CoPc-GO and FePc-GO in our 
case), where the energy gap (ΔG) between any two steps is 
zero, the ORR cannot proceed spontaneously between 
those two steps because the reactions are endergonic (ΔG 
> 0). The results for ORR show that FePc-GO is the best 
catalyst with a theoretical overpotential of 0.54 V, which 
correlates well with the experimental result. The best ORR 
activity of Fe centers among the series can be explained in 
terms of the number of d electrons Nd, and the oxidation 
state of the metal in the catalyst.31 As shown in Fig. S52, the 
adsorption energies for all the intermediates obey a linear 
increasing relationship with Nd, suggesting that for the low 
Nd of 5 (due to the presence of Fe3+) for Fe binding of the 
intermediates is more favorable compared to Co (Nd=6-7, 
because of small amounts of Co3+) and Ni (Nd=8).31  We fur-
ther compared the free energies of O2 and H2O adsorbed 
on these three metal centers in Table S6 and Fig. S53. The 
results show that Fe displays an extremely high adsorption 
affinity towards O2, but moderate adsorption of H2O. In 
other words, FePc-GO can easily capture O2 from the elec-
trolyte and also release H2O easily again, which can be ex-
plained by Sabatier’s principle and Nørskov’s studies.61 Re-
cent works on Fe SACs also showed that the higher chem-
ical valence of Fe3+ is favorable for CO2 adsorption.52 This 
could provide an explanation for the better ORR perfor-
mance of FePc-GO compared to divalent Ni and Co. Calcu-
lations on other active sites, e. g. C and N atoms (Table S5) 
show that all energy changes in NiPc-GO at the first step 
are positive, indicating their thermodynamic inactivity for 
ORR, which is consistent with the experimental results 
shown in Fig. 3d.  For both CoPc-GO and FePc-GO, the 
best theoretical overpotentials for ORR are found on the 
metal centers and the coordinated atoms are thermody-
namically inactive for ORR (positive energies), i.e. the C 
and N atoms do not contribute to ORR.  
For OER, the largest energy shift in the free energy dia-
gram is considered as the primary energy barrier, which is 
defined as the theoretical overpotential for OER (green 
lines in Figs. 4e-g). This is because all proton-electron cou-
pled transfer steps are exergonic (ΔG < 0), and the OER 
could proceed spontaneously as the applied potential in-
creases above that overpotential. These results also show 
that FePc-GO is expected to be the best OER catalyst with 
a calculated overpotential of 1.69 V. These calculated re-
sults, however, contradict the experimental results at high 
potential ranges, but they are consistent with those at po-
tential lower than around 1.45 V vs. RHE, in which the ac-
tivity order is FePc-GO > CoPc-GO > NiPc-GO (Fig. S52). 
The same trends also emerged from five additional meas-
urements using different electrodes (Figs. S55-59), and on 
a different electrochemical station (Fig. S60). Rotation 
ring disk measurements were further conducted to verify 
that O2 was already produced at that potential range (Fig. 
S61). The results show that O2 production starts at around 
1.4 V vs. RHE. This implies that the FePc-GO catalyst is 
much more capable of initiating water oxidation reaction 
at a low potential, followed by CoPc-GO, and NiPc-GO, 
while at the higher potential the reaction activities follow 
the order NiPc-GO > CoPc-GO > FePc-GO. It appears that 
the reaction is more likely kinetically controlled at the 
higher potential. Since DFT calculations are a thermody-
namic approach, we further conducted kinetic analyses for 
these three samples by electrochemical measurements (see 
SI for details). The results show that all of them display 
zero reaction order at lower pH (<10.5), followed by first-
order kinetics at higher pH of 10.5-14 (Fig. S62). Interest-
ingly, all of the samples show zero order under 0.5 V, pro-
ceeding to first order when crossing this turning point. 
Therefore, we believe that the OER is thermodynamically 
controlled at lower potentials, and turns to kinetic control 
beyond a critical voltage.  
In recent works on graphene-based SACs, it has been 
demonstrated that the local coordination of metal centers 
and electronegativity of nearest neighbor species exert a 
crucial influence on the activity.27,28  Non-metallic ligating 
atoms including C, N and S have also been proven to act as 
active sites or to influence the water oxidation.31,32,62 There-
fore, we propose that the local coordination of metallic at-
oms could contribute to the kinetic factors in our systems. 
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Determination of the influence of local environment on 
the OER from operando XAS and DFT calculations. To 
probe the structural changes around the active metal site 
under OER conditions, we performed operando XAS meas-
urements for NiPc-GO, CoPc-GO and FePc-GO near the 
onset potential (see Supplementary Information for de-
tails). Figs. 5a-c show the normalized operando Ni, Co and 
Fe K-edge XANES spectra of NiPc-GO, CoPc-GO and FePc-
GO catalysts at open-circuit condition (in 1 M KOH elec-
trolyte), at applied potentials of 1.3, 1.4, 1.5 V vs. RHE, and 
after removal of the applied potential. As shown in the in-
set of Figs. 5a-c, under open-circuit voltage bias the metal 
Ni, Co and Fe absorption edges were slightly shifted to 
higher energy by approximately 0.08, 0.25 and 0.06 eV for 
NiPc-GO, CoPc-GO and FePc-GO, respectively. This indi-
cates an increase in the oxidation state of the metal centers 
due to chemical adsorption of OH−/O2/H2O radicals from 
the electrolyte under the open-circuit condition. Moreo-
ver, during electrochemical OER at applied potentials of 
1.3, 1.4 and 1.5 V vs. RHE, the absorption edges were further 
shifted to higher energy up to a maximum of ∼0.41, ∼0.95, 
and ∼0.19 eV for NiPc-GO, CoPc-GO and FePc-GO, respec-
tively. This indicates further increases in the oxidation 
state of the Ni, Co, and Fe metal centers upon catalytic ac-
tivation. Due to the strong electronegativity of the –OH 
groups, they could balance the reduction trend of the ap-
plied voltage bias, and therefore the oxidation state is fur-
ther increased,63 as observed from the shifts in the raising 
absorption edge of the XANES spectra (Figs. 5a-c). This 
leads to a redistribution of the electrons in the Ni, Co and 
Fe 3d-orbitals between the four N ligands and the metal-
O/-OH/-OOH bonding from the adsorbed oxo-species. 
This finding is consistent with previous operando XAS 
studies under OER conditions.64,65 The intensity of the 
1s→4pz pre-edge peak of NiPc-GO (∼8339 eV), CoPc-GO 
(∼7717 eV) and the 1s→3d pre-edge peak of FePc-GO (∼7114 
eV), is consistently reduced under open-circuit voltage 
bias and under the operando applied potentials of 1.3, 1.4 
and 1.5 V vs. RHE compared with their pristine counter-
parts. These results indicate that the square-planar D4h 
symmetry of the Ni-N4, Co-N4 and Fe-N4 moieties suffers 
only from small local structure distortions under operando 
conditions. This distorted structure is expected to consid-
erably facilitate the adsorption of the reactants and inter-
mediates on the catalysts’ surface. Interestingly, the Ni, Co, 
and Fe absorption edges of NiPc-GO, CoPc-GO and FePc-
GO were shifted back to lower energies when the applied 
potential was removed (Figs. 5a-c). This suggests that the 
changes in the oxidation states of the catalysts are reversi-
ble to some extent. The variations observed in the XANES 
spectra were more pronounced in CoPc-GO and NiPc-GO 
than in FePc-GO. Furthermore, the changes in the white 
line intensity and its slight shift in energy further suggest 
the existence of structural disorder. This also corroborates 
that the densities of unoccupied d-states and oxidation 
states of Ni, Co and Fe atoms change as a function of the 




Figure 5. Operando XAS and calculated reaction pathways. (a-c) Ni, Co and Fe K-edges XANES and (d-f) Fourier-transform 
EXAFS spectra |FT(k3χ(k))| for pristine NiPc-GO, CoPc-GO and FePc-GO, at open circuit condition in 1 M KOH, at applied 
potentials of 1.3, 1.4 and 1.5 V vs. RHE, and after removal of the applied potential. (g-i) DFT simulations for analyses of the 
reaction pathways and reaction active sites: coordinating C, N atoms in NiPc-GO and N atoms in CoPc-GO contribute to 
the OER, providing multiple reaction pathways, while the Fe atom is the only active center in FePc-GO during OER. 
 
    The evolution of the local structure environment of the 
single active metal sites under operando conditions was 
further examined by operando EXAFS spectroscopy. Figs. 
5d-f show the operando Ni, Co and Fe K-edge EXAFS spec-
tra |FT(k3χ(k))| of NiPc-GO, CoPc-GO, FePc-GO under 
open-circuit conditions, at the applied potentials of 1.3, 1.4, 
and 1.5 V vs. RHE, and after removal of the applied poten-
tial. The relative intensities of the main peak in the 
|FT(k3χ(k))| spectra of NiPc-GO, CoPc-GO and FePc-GO 
consistently increase during electrochemical OER at the 
applied potential of 1.3, 1.4 and 1.5 V vs. RHE (red lines in 
Figs. 5d-f). This is due to the contribution from M-O/-
OH/-OOH (M=Ni, Co, Fe) coordinations arising from the 
electrolyte during OER that overlap with the main bonding 
coordination of the Co-N4 moieties, as shown in Tables 
S4a-S4c.64 Interestingly, the intensities of the main peak in 
the |FT(k3χ(k))| spectra of all samples were reduced when 
the applied potential was removed. This agrees with the 
shift to low energy observed in the XANES spectra after re-
moval of the applied potential (Figs. 5a-c), and indicates 
stability and reversible local structure variations under cat-
alytic activation. To obtain quantitative values of intera-
tomic distances, coordination numbers (N), and track the 
evolution of the local-structure of NiPc-GO, CoPc-GO and 
FePc-GO during operando OER, non-linear least-square 
fitting of their operando EXAFS spectra |FT(k3χ(k))| was 
carried out as shown in Figs. S63-65 and Tables S4a-S4c. 
The optimized model-structures from DFT simulations 
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shown in Figs. 5g-i were used as model-structure. The re-
sults reveal that in the 1st-coordination shell, the metal Ni, 
Co and Fe centers are coordinated with four N atoms from 
the Pc-molecule and an oxygen atom, with bond distances 
Ni-N=1.91 Å; Ni-O=1.97 Å (NiPc-GO), Co-N=1.90 Å; Co-
O=1.97 Å (CoPc-GO), and Fe-N=1.92 Å; Fe-O=2.04 Å (FePc-
GO). The coordination numbers N-Ni/Co/Fe-O consist-
ently decrease from a value as high as 0.7-0.8 at the applied 
potentials of 1.4-1.5 V vs. RHE, to 0.5-0.6 at 1.3 V, and 0.2-
0.4 after removal the applied potential (Tables S4a-S4c). 
Other relevant structural parameters, and the contribu-
tions of each fitted single scattering path to the operando 
|FT(k3χ(k))| spectra for NiPc-GO, CoPc-GO and FePc-GO 
at the applied potential of 1.5 V vs. RHE are shown in Ta-
bles S4a-S4c and Figs. S66-S68. The change in the inten-
sities and position of the 2nd/3th coordination peaks at 
about ∼2.2-3.3 Å and ∼3.3-3.9 Å, respectively, which relates 
to backscattering from furthest neighboring C and N atoms 
are mainly due to changes in the disorder Debye-Waller 
factor (σ2). This suggests that the C/N atoms in the 2nd/3th 
coordination shells also undergo some structural disorder 
under the applied operando conditions, and could also 
play specific roles in the catalytic activity. All in all, our op-
erando XANES and EXAFS experiments clearly demon-
strated that the electronic and local structure environment 
of HSACs is noticeably changed under realistic operando 
electrochemical OER conditions. The single active metal 
Ni, Co, Fe sites attain high-valence states due to the for-
mation of HOO-/O-/HO-(Ni/Co/Fe)-N4 moieties during 
the catalytic activation. Therefore, the formation of high-
valence HOO-/O-/HO-(Ni/Co/Fe)-N4 moieties under 
working condition are probably responsible for the high re-
activity toward OER. 
To further investigate the influence of the local ligating 
atoms on the activity, we selected NiPc-GO as a model-sys-
tem and synthesized a series of samples under pyrolysis 
temperatures from 300 to 800 oC. Raman spectra show that 
the intensity of the peaks related to the local coordination 
near the metal centers, at around 1300 and 1700 cm-1, grad-
ually decrease as the synthesis temperature increases, and 
finally become similar to the spectrum of GO (Fig. S69). 
These results indicate that the local coordination environ-
ment around the Ni metal center is destroyed upon in-
creasing the temperature. The XANES and EXAFS spectra 
were further analyzed to investigate structural transfor-
mations (Fig. S70). The square-planar D4h symmetry of 
NiPc-GO entirely disappears at 800 oC and the edge is 
slightly shifted to lower energies. The |FT(k3χ(k))| spec-
trum shows that the local structure retains the Ni-N4  moi-
ety in the first coordination shell, while the 2nd and 3rd M-
N/C coordination shells vanished completely.  These re-
sults further demonstrate that increasing temperatures 
promote structural disorder, up to destruction the local co-
ordination. As expected, the performance for electrochem-
ical water oxidation is significantly reduced upon the de-
struction of the local coordination as shown in Fig. S71. 
Moreover, LSV data of NiPc-GO-800 oC (Fig. S73) even 
show very apparent Ni oxidation peaks, further demon-
strating the different behavior of Ni centers after drastic 
changes in the coordination environment. Analogous 
changes in the OER performance of CoPc-GO and FePc-
GO were also observed after destruction of their local co-
ordination environments at 800 oC (Fig. S72). The above 
results provide strong additional evidence that the coordi-
nation environment significantly influences the OER per-
formance. 
To confirm the above hypotheses, we further conducted 
DFT calculations on the coordinated C, N1 and N2 atoms 
(Fig. S74). The calculated free energies of *OH, *O and 
*OOH on the selected sites are listed in Table S5. The ele-
mentary reaction steps for all sites are presented in Figs. 
S75-77. Analyses for all sites in FePc-GO show that Fe site 
is probably the only active site for OER. The free energies 
for intermediates *OH, *O, and *OOH adsorbed on Fe sites 
are far lower than for adsorption on the C, N1 and N2 sites 
(Table S5), which indicates that they are bound much eas-
ier on the Fe atoms rather than on other sites (Fig. 5i). This 
high binding affinity of FePc-GO also occurs for O2 (Table 
S7), however, the strong binding of O2 also implies a diffi-
cult desorption of O2 in the last step. This single-center 
pathway and excessive binding towards O2 may account for 
the low OER performance. CoPc-GO shows the same trend 
at the first step as *OH can only be adsorbed on Co atoms. 
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In the third step, however, *O produced from the second 
step also moves to N1 sites for the following reaction steps 
(Fig. 5h), because the adsorption energy on N1 is equal to 
that of Co (Table S5). For NiPc-GO, impressively, all the 
intermediates can be equally adsorbed on Ni and C sites, 
and at the third step, from *O to *OOH, N1 atoms can also 
participate in the reaction as the respective free energy is 
even slightly smaller than for Ni and C sites (Table S5). The 
different adsorption behavior toward O2, *OH, *O and 
*OOH leading to diversity of reaction pathways is a plau-
sible reason for the higher activity of NiPc-GO at the 
higher potential. Once the reactions cross their energy bar-
riers, NiPc-GO and CoPc-GO catalysts could provide more 
active sites and pathways for OER (Fig. 5h). As the active 
sites and pathways are related to the reaction kinetics, we 
conclude that the catalysts follow two different processes: 
a thermodynamically controlled process at a low potential 
range, followed by kinetic control at high potential range. 
This multi-site mechanism has also been observed in other 
metal-graphene based catalysts.31   
 
CONCLUSIONS 
In this work, graphene based HSACs from clear-cut MPc 
(M = Ni, Co, Fe; Pc = phthalocyanine) precursors were con-
structed as highly performing model systems for the com-
parative investigations into their OER/ORR pathways. The 
well-defined coordination of these HSACs provided exper-
imental insight into key relationships between metal cen-
ters, their coordination environments and the resulting 
OER/ORR activity. First, the near-perfect coordination of 
the active sites within the MN4C8/N4 moiety after integra-
tion into the graphene substrate was corroborated with 
XAS and ADF-STEM analyses. Furthermore, specific mem-
bers of the HSAC series outperformed most previously re-
ported single metal center catalysts in OER and ORR activ-
ity. This notably enhanced performance is associated with 
the formation of electronic channels via π-π conjugation of 
graphene and MPc molecules, as is evident from both our 
theoretical and experimental studies. The specific role of 
the metal centers was furthermore analyzed with a combi-
nation of DFT simulations and a large set of (electro)ana-
lytical data. Interestingly, the ORR activity trend (FePc-GO 
> CoPc-GO > NiPc-GO) is opposite to the OER perfor-
mance (NiPc-GO > CoPc-GO > FePc-GO). Operando XAS 
spectra combined with DFT results show that the high va-
lence of  Fe(III) centers with a lower Nd value exhibit the 
strongest bonding affinity to O2, therefore giving rise to the 
highest ORR performance among the series. In contrast, 
the coordination environment of NiPc-GO and CoPc-GO 
provides a wider selection of alternative N/C-site OER 
pathways, resulting in their higher activity.  
In summary, we provide the experimental insight into 
SACs for OER to comprehensively promote the under-
standing of their challenging coordination-performance 
relationships. Our results explain the limited OER perfor-
mance of current SACs with M-N4 moieties and open up 
strategies via tuned coordination environments for im-
proving their OER performance.     
 
EXPERIMENTAL SECTION 
Materials: Graphene oxide (GO), 15-20 sheets, 4-10% edge-
oxidized was purchased from Sigma-Aldrich. Nickel 
(C32H16N8Ni), cobalt (C32H16N8Co) and iron (C32H16N8Fe) 
phthalocyanine were bought from Alfa Aesar. Ar gas used 
in the synthesis was purchased from PanGas AG, Switzer-
land, ≥ 99.999 %.  
Materials synthesis: First, 40 mg GO was pretreated in 20 
mL ethanol using an ultrasonic bath for 1 h. 10 mg 
C32H16N8Ni dispersed in 10 mL ethanol was gradually added 
into the GO dispersed solution. The mixture was then 
treated by ultrasonic dispersion for 1 h and subsequently 
subjected to magnetic stirring for 24 h. After the dispersion 
procedure, the mixture was further exposed to 60 oC under 
air condition for slow evaporation. The above powder was 
finally treated with a pyrolysis step in a tube furnace at 
temperatures from 300 - 800 oC under protective Ar atmos-
phere. The same processes were applied to synthesize 
C32H16N8Co and C32H16N8Fe coupled with GO. 
Electrochemical measurements: Electrochemical water ox-
idation measurements were carried out on an Autolab 
PGSTAT204 electrochemistry workstation with the stand-
ard three-electrode system in 1 M KOH electrolyte. Glassy 
carbon (GC) electrode loaded with catalyst was used as 
working electrode. 2.5 mg of catalyst was dispersed in 0.5 
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mL water and 0.5 mL ethanol. After 30 min ultrasonic 
treatment, 50 μL of 5 wt % Nafion solution was further 
added into the above solution with another 60 min of son-
ication to form a homogeneous ink. Then 5 μL of the cata-
lyst ink (containing 12.5 μg of catalyst) was loaded onto a 
glassy-carbon electrode (2 mm in diameter). Ag/AgCl with 
saturated KCl filling solution and platinum rod were used 
as reference electrode and counter electrode, respectively. 
The control experiments using Pt rod and blank FTO as 
working electrodes were conducted in Fig. S78 to further 
eliminate the possible interference of trace Pt in the OER 
activity, which has been reported before.66,67 All the cata-
lyst electrodes were continuously scanned for 10 times CV 
before measuring polarization curves Fig. S79. The scan 
rates for all of the LSV and CV measurements were set to 
10 mV/s to minimize the capacitive current. Electrochemi-
cal impedance spectroscopy (EIS) studies were performed 
when the working electrode was biased at certain poten-
tials while sweeping the frequency from 10 kHz to 10 mHz 
with a 5 mV ac amplitude.  E(iR-corrected) = E - iR, where 
i is the current and R (20 Ω in this work) is the uncompen-
sated electrolyte Ohmic resistance measured by EIS. 
The electrochemical oxygen reduction studies were carried 
out at room temperature in 0.1 M KOH. The working elec-
trodes in this study were the RDE and a RRDE (GC disc 
with r = 2.5 mm and 375 µm gap, Pt ring with width = 375 
µm, rinner = 2.875 mm, and router = 3.250 mm. A standard 
three-electrode system equipped with a graphite rod as the 
counter electrode and a Ag/AgCl electrode (3 M KCl) was 
employed as the reference electrode, respectively 
(Metrohm Autolab PGSTAT302N potentiostat). To prepare 
the working electrode, 3.0 mg of catalysts were dispersed 
in 600 μL ethanol and 20 μL of 5 wt % Nafion solution and 
sonicated for 30 mins to form a homogeneous ink. Next, 
3.00 µL of homogeneous ink was carefully loaded onto RDE 
or RRDE to achieve a 0.200 mg cm−2 loading amount. Be-
fore each ORR measurement, the electrolyte was bubbled 
with high purity of O2 for 30 min and maintained over the 
electrolyte surface during the ORR testing to sustain the 
O2 saturation. Prior to measurements the working elec-
trode was subjected to at least 10 CV cycles in the potential 
range of 0.2 V-1.2 V vs. RHE at 100 mV s−1 to reach a stable 
state. LSV was carried out at a rotation speed of 1600 rpm 
at a scan rate of 5.0 mV s−1 for the acquisition of polariza-
tion curves. The RRDE measurement was performed at a 
constant ring potential of 1.3 V vs. RHE.  
The number of electrons transferred and H2O2 yield were 
evaluated from RRDE measurements using the following 
equations:  
Number of electron transfer (n) during ORR: 
   n=4×Id/(Id +Ir/N)                                                                           (1) 
where Id and Ir are disk and ring current densities, respec-
tively, N is the current collection efficiency of the Pt ring 
which is 0.25. 
Percentage of peroxide (% HO2−) during the ORR testing: 
% HO2− =200×Ir/(Id×N+Ir) 
The electron transfer number and kinetics of ORR from 
RDE measurements were evaluated using the following 
Koutecky–Levich equation: 1𝑗𝑗 = 1𝑗𝑗𝑙𝑙 + 1𝑗𝑗𝑘𝑘 = 1𝐵𝐵𝐵𝐵0.5 + 1𝑗𝑗𝑘𝑘                                                                      (2) 
B = 0.64nFAC0D02/3V−1/6                                                             (3) 
jk = nFkC0                                                                                         (4) 
where J is the measured current density, Jl and Jk are the 
limiting and kinetic current densities, B is the slope of K-L 
plots, ω is the rotation rate of the disk electrode, n is the 
number of transferred electrons in ORR, F is the Faraday 
constant (96 485 C mol−1), A is the geometric area of the 
electrode (A = 0.07065 cm2), C0 is the concentration of O2 
which is 1.2 × 10−6 mol cm−3 in 0.1 M KOH, D0 is the O2 dif-
fusion coefficient (1.9 × 10−5 cm2 s−1), V is the kinematic vis-
cosity of the solution (0.01 cm2 s−1), and k is the electron 
transfer rate constant.68,69 
Materials characterization: Powder X-ray diffraction 
(PXRD) patterns were recorded on a STOE STADI P dif-
fractometer (transmission mode, Ge monochromator) 
with MoKα radiation. Raman spectra were measured with a 
Renishaw Ramascope as pristine powder samples on 
quartz glass slides. X-ray photoelectron spectroscopy 
(XPS) measurements were conducted on a Thermo 
ESCALAB 250Xi. Elemental analysis was performed at 
Mikroanalytisches Labor Pascher (Remagen/Germany). In-
ductively coupled plasma mass spectrometry (ICP-MS) 
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measurements were carried out on an Agilent 8800 instru-
ment. All samples were first annealed under air atmos-
phere and then dissolved in aqua regia. Annular dark-field 
scanning transmission electron microscopy (ADF-STEM) 
was performed on aberration-corrected JEOL ARM300CF 
STEM equipped with a JEOL ETA corrector operated at an 
accelerating voltage of 80 kV located in the electron Phys-
ical Sciences Imaging Centre (ePSIC) at Diamond Light 
Source. 
X-ray absorption spectroscopy (XAS): The ex Situ and op-
erando XANES and EXAFS experiments were carried out at 
the European synchrotron radiation facility (ESRF), Swiss-
Norwegian beamline BM31, Grenoble, France, and at the 
beamline KMC-2, Helmholtz-Zentrum Berlin HZB-BESSY 
II, respectively. The X-ray beam was collimated with a Si 
coated mirror and the energy was scanned with a channel-
cut SiGe[111] monochromator. Measurements were done in 
a three-ionization chamber configuration in transmission 
mode. For energy calibration, the spectra of metal Ni, Co 
and Fe foils were simultaneously measured at the second 
ionization camber. Ex Situ measurements were carried out 
on solid powder samples dispersed in cellulose. Operando 
experiments were done using an in-house designed elec-
trochemical cell filled with 1 M KOH electrolyte with thin-
ness < 200 μm as described before.70 Ag/AgCl in saturated 
KCl and a Pt rod were used as reference/counter electrode, 
respectively. The working electrode was fabricated by load-
ing the catalyst ink on carbon paper using the same routine 
described in Ref 55. The post-catalytic XAS spectra after 
OER catalysis were measured after 3000 CV cycles scanned 
at the potential range of 0-1.8 V vs. RHE. The measured 
EXAFS spectra k3χ(k), were obtained by standard data re-
duction, absorption edge energy calibration and back-
ground subtraction as implemented in ATHENA.71 The 
spectra were then reduced into the range Δk≈3-10 Å-1 and 
Fourier-Transform to |FT(k3χ(k))| into the real-space in-
terval ΔR≈0-6 Å. To calculate the main values for intera-
tomic distances, coordination numbers (N), and Debye-
Waller factors (σ2), nonlinear least-squares fitting of the 
FT|(k3χ(k))| spectra was carried out with ARTEMIS71 using 
the optimized atomic clusters obtained from DFT simula-
tions (Figs. S49-S51 and Figs. 5g-h), as input for ATOMS 
calculations as it is implemented in IFEFFIT.71 Amplitude 
and phase shift for single and multiple scattering paths 
were computed using FEFF6 code.72 The amplitude reduc-
tion factor S02 was calculated from fitting the |FT(k3χ(k))| 
spectra of the respective standard Ni, Co or Fe metal foils 
and kept constant for fitting the |FT(k3χ(k))| spectra of 
NiPc-GO, CoPc-GO and FePc-GO. The coordination num-
bers (N), of N and C atoms as defined from structural opti-
mization from the DFT calculations (Figs. S49-S51 and 
Figs. 5g-i), were kept constant for fitting the operando 
|FT(k3χ(k))| spectra of NiPc-GO, CoPc-GO and FePc-GO. 
However, the N-values of O atoms were varied manually 
until a good match between the simulated spectra and the 
expected interatomic distances was reached. The energy 
shift ΔE0 was first treated as a free parameter for fitting the 
first M-N coordination shells, then it was adjusted manu-
ally for fitting the other scattering paths until a good match 
between the simulated spectra and likely interatomic dis-
tances was achieved. In this way, only two parameters, 
named Debye-Waller factors (σ2), and the change in the in-
teratomic distances ΔR were treated as free fitting param-
eters. All |FT(k3χ(k))| spectra were fitted without phase 
corrections using the Hanning-window function into the 
range kmin-kmax=3-10 Å-1; Rmin-Rmax=1.0-4.5 Å, with 15 
independent points and 10 or 12 variables for ex Situ and 
operando EXAFS spectra, respectively. This fitting ap-
proach yield the lowest R-factors (see Table S4), and the 
best fitting of the operando |FT(k3χ(k))| spectra from the 
input DFT model-structures.  
Density functional theory (DFT) calculations: Density 
function theory calculation were performed by using the 
CP2K package.73 PBE functional74 with Grimme D3 correc-
tion75 was used to describe the system. Unrestricted Kohn-
Sham DFT has been used as the electronic structure 
method in the framework of the Gaussian and plane waves 
method.76,77 The Goedecker-Teter-Hutter (GTH) pseudo-
potentials,78,79 DZVPMOLOPT-GTH basis sets76 were uti-
lized to describe the molecules. A plane-wave energy cut-
off of 500 Ry has been employed. The geometries are opti-
mized using the BFGS algorithm and the convergence cri-
terion for the forces was set to 10-4 bohr/hartree. We em-
ployed a graphene supercell with surface periodicity of 8 × 
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10 including 160 atoms as a basis to construct the model. A 
vacuum region of 15 Å was created to eliminate the inter-
action between mirror images. To determine the adsorp-
tion site of the molecules on the graphene support, we have 
examined metal centers located at hollow (in the center of 
the benzene ring), bridge (between two carbon atoms) and 
top (on the top of the carbon atom) sites. We also exam-
ined the orientation of the molecules on graphene with dif-
ferent angles (Fig. S80 and Table S8). After optimization, 
only the hollow site as shown in the manuscript was found to 
be stable. All the structures are in the attached files. 
The Gibbs free energy is calculated using 
     ΔG = EDFT + ΔZPE – TΔS                                                           (5) 
where G is the Gibbs free energy, EDFT is the electronic 
energy from DFT calculations, ZPE is zero-point-energy, T 
is temperature of 298 K. ΔS is the change in entropy. They 
were calculated from DFT modeling of vibrational frequen-
cies and using standard tables for gas-phase molecules.80 
The potential-dependence of reaction free energies in ele-
mentary steps involving proton-electron transfers was 
evaluated using the computational hydrogen electrode 
(CHE) approach.60 In this approach, a reversible hydrogen 
electrode (RHE) is used as a reference. The OER proceeds 
through four consecutive proton/electron transfer steps: 
Overall Reaction: 2H2O = 4H+ + 4e- + 2O2                         (6)                                                                  
First deprotonation: H2O = *OH + (H+ + e-)                      (7) 
Second deprotonation: *OH + (H+ + e-) = *O + 2(H+ + e-)              
(8) 
Third deprotonation: *O + H2O + 2(H+ + e-) = *OOH +3(H+ 
+ e-)                                                                                                                 (9) 
Fourth deprotonation: *OOH + 3(H+ + e-) = O2 + 4(H+ + e-)                                                                                                                                           
                                                                                              (10)        
via the intermediates OH*, O*, and OOH* adsorbed species, 
where * stands for the adsorbed intermediates. 
The charge density difference is defined as 
  Δρ = ρM/GR - ρM -ρGR                                                                     (11) 
Where Δρ is the charge density difference, ρM/GR is the 
total electron density of the molecule on the graphene and 
ρM, ρGR are the total electron densities of isolated mole-
cule and graphene, respectively. 
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Figure S2. Annular Dark Field (ADF)-STEM images of NiPc-GO at different magnifications. The 





Figure S3. STEM images of NiPc-GO at different magnifications: Annular Dark Field (ADF)-STEM 
images (a, c, e), and their corresponding Bright Field (ABF)-STEM images (b, d, f). The dark areas in 

















Figure S6. HRTEM images of FePc-GO. 
 
 





Figure S8. HRTEM image of GO after pyrolysis at 300 oC under N2 atmosphere. 
 
 
















Figure S12. Raman spectra of bare NiPc, CoPc and FePc before and after pyrolysis at 300 oC.  
The bands in the range of 1500-1560 cm-1 involve stretching of the C–N–C bonds as well as expansion 
of the pyrrole rings coupled with C–H vibrations. The bands in the range of 1420-1470 cm-1 are ascribed 
to C–H bond vibrations coupled with the stretching of C–C bonds. The bands in the range of 1300-1350 
cm-1 arise from the stretching vibrations of isoindoles and N–M bonds. The peaks among 1170-1220 
cm-1 are contributed from C–H and N–M bonds. The peaks around 930-1160 cm-1 are from C–H bonds. 
The signals around 730-870 cm-1 arise from the N-M bonds. The signal around 680 cm-1 can be 
associated with IPB of C–N–C bonds and expansion of isoindole moieties. 
 
 














Figure S16. High resolution XPS spectra of (a) NiPc, (b) CoPc, (c) FePc, (d, g, j) NiPc-GO, (e, h, k) 








    
 





Figure S18. OER performances of NiPc-GO, CoPc-GO and FePc-GO normalized to mass activity 



















Figure S21. Electrocatalytic OER performance of CoPc-GO, GO-300 and CoPc. 
 
 
































































































































Figure S46. Fitting of the experimental Ni K-edge EXAFS spectrum |FT(k3χ(k))| of NiPc-GO and the 





Figure S47. Fitting of the experimental Co K-edge EXAFS spectrum |FT(k3χ(k))| of CoPc-GO and the 
corresponding fitted single scattering paths. 
 
 
Figure S48. Fitting of the experimental Fe K-edge EXAFS spectrum |FT(k3χ(k))| of FePc-GO and the 





Figure S49. Fourier-transform magnitudes of the Ni K-edge EXAFS spectra of NiPc-GO, NiPc and 





Figure S50. Fourier-transform magnitudes of the Co K-edge EXAFS spectra of CoPc-GO, CoPc and 





Figure S51. Fourier-transform magnitudes of the Fe K-edge EXAFS spectra of FePc-GO, FePc and 




Figure S52. Relationship between the number of Nd and adsorption energies for the intermediates *OH, 
*O and *OOH. Due to the Fe3+ and slight Co3+ present in our samples, Nd (Fe) and Nd (Co) here are 5 











Figure S54. LSV curves of NiPc-GO, CoPc-GO and FePc-GO at current densities from 0-10 mA cm-2 







Figure S55. Electrode 1: LSV curves of NiPc-GO, CoPc-GO and FePc-GO at current densities from 
0-10 mA cm-2. 
 
 
Figure S56. Electrode 2: LSV curves of NiPc-GO, CoPc-GO and FePc-GO at current densities from 





Figure S57. Electrode 3: LSV curves of NiPc-GO, CoPc-GO and FePc-GO at current densities from 
0-10 mA cm-2. 
 
 
Figure S58. Electrode 4: LSV curves of NiPc-GO, CoPc-GO and FePc-GO at current densities from 





Figure S59. Electrode 5: LSV curves of NiPc-GO, CoPc-GO and FePc-GO at current densities from 




Figure S60. LSV curves of NiPc-GO, CoPc-GO and FePc-GO at current densities from 0-10 mA cm-2 








Figure S61. Rotation ring disk measurement of FePc-GO to confirm the production of O2 at low 






Figure S62. Dependence of current density at fixed potentials vs. Ag/AgCl of (a) NiPc-GO, and (b) 
CoPc-GO and (c) FePc-GO on pH value of electrolyte. For the pH dependent experiments, 1 M KOH 





Figure S63. Fitting (red) of the experimental (black) Ni K-edge EXAFS spectra |FT(k3χ(k))| of NiPc-






Figure S64. Fitting (red) of the experimental (black) Co K-edge EXAFS spectra |FT(k3χ(k))| of CoPc-




Figure S65. Fitting (red) of the experimental (black) Fe K-edge EXAFS spectra |FT(k3χ(k))| of FePc-





Figure S66. Fitting (red) of the experimental (black) Ni K-edge EXAFS spectrum |FT(k3χ(k))| of 
NiPc-GO at the applied potential of 1.5 V and the corresponding fitted single scattering paths. 
 
 
Figure S67. Fitting (red) of the experimental (black) Co K-edge EXAFS spectrum |FT(k3χ(k))| of 





Figure S68. Fitting (red) of the experimental (black) Fe K-edge EXAFS spectrum |FT(k3χ(k))| of 
FePc-GO at the applied potential of 1.5 V and the corresponding fitted single scattering paths. 
 
 





Figure S70. Ni K-edge XANES and EXAFS spectra of NiPc-GO obtained at 300 oC and 800 oC (left).  
Fitting (red) of Ni K-edge EXAFS spectrum of NiPc-GO at 800 oC (right). 
 
 















Table S1 Mass content of the metallic elements in NiPc-GO, CoPc-GO and FePc-GO. 
 
 NiPc-GO CoPc-GO FePc-GO 
ICP content  1.65 wt% 1.70 wt% 1.60 wt% 




Table S2. Elemental analysis of GO before and after 300 oC pyrolysis. 
 
Name (wt %) N C H S O 
GO-300 0.82  90.79  0.21 0.01 3.16 





Table S3 ICP-MS measurements of the electrolytes before and after OER and ORR tests. 
 
 Ni [ng/mL] Co [ng/mL] Fe [ng/mL] Pt [ng/mL] 
Fresh KOH 55 1.5 42 0.10 
OER  50 2.0 45 0.12 









Table S4a. Main interatomic distances, atomic coordination numbers (N) and Debye-Waller factors (σ2) 
calculated from Artemis fitting of the experimental operando Ni K-edge FT|k3χ(k)| spectra of NiPc-GO. 
S0
2 denotes the amplitude reduction factor and ΔE0 the energy shift. 
Sample Bond N σ2 r (A) 
NiPc-GO Ni-N 4.0 0.00072 1.9023 
S0
2≈0.72 Ni-C 8.0 0.00578 2.9419 
ΔE0≈7.43 eV Ni-N 4.0 0.00189 3.3801 
No. of independent points: Ni-C 6.0 0.00764 3.7894 
No. of Variables: 10 Ni-C 8.0 0.00049 4.2684 
R-factor: 0.0075     
NiPc-GO Open Circuit Ni-N 4.0 0.00206 1.9120 
S0
2≈0.72 Ni-O 0.2 0.00982 1.9739 
ΔE0≈7.11 eV Ni-C 8.0 0.00438 2.9513 
No. of independent points: Ni-N 4.0 0.00992 3.3832 
No. of Variables: 12 Ni-C 6.0 0.00216 3.8544 
R-factor: 0.0102 Ni-C 8.0 0.00242 4.2698 
NiPc-GO at 1.3 V Ni-N 4.0 0.00200 1.9081 
S0
2≈0.72 Ni-O 0.5 0.00882 1.9746 
ΔE0≈7.06 eV Ni-C 8.0 0.00340 2.9600 
No. of independent points: Ni-N 4.0 0.00985 3.3801 
No. of Variables: 12 Ni-C 6.0 0.00044 3.8501 
R-factor: 0.0101 Ni-C 8.0 0.00389 4.2584 
NiPc-GO at 1.4 V Ni-N 4.0 0.00102 1.9011 
S0
2≈0.72 Ni-O 0.7 0.00879 1.9713 
ΔE0≈7.02 eV Ni-C 8.0 0.00215 2.9505 
No. of independent points: Ni-N 4.0 0.00996 3.3745 
No. of Variables: 12 Ni-C 6.0 0.00197 3.8406 
R-factor: 0.0093 Ni-C 8.0 0.00439 4.2687 
NiPc-GO at 1.5 V Ni-N 4.0 0.00316 1.9024 
S0
2≈0.72 Ni-O 0.7 0.00682 1.9603 
ΔE0≈7.04 eV Ni-C 8.0 0.00383 2.9424 
No. of independent points: Ni-N 4.0 0.00986 3.3872 
No. of Variables: 12 Ni-C 6.0 0.00011 3.8602 
R-factor: 0.0098 Ni-C 8.0 0.00282 4.2603 
NiPc-GO Remove Potential Ni-N 4.0 0.00291 1.9103 
S0
2≈0.72 Ni-O 0.3 0.00970 1.9681 
ΔE0≈7.12 eV Ni-C 8.0 0.00472 2.9009 
No. of independent points: Ni-N 4.0 0.00990 3.3798 
No. of Variables: 12 Ni-C 6.0 0.00206 3.8581 
R-factor: 0.0102 Ni-C 8.0 0.00229 4.2666 




No. of independent points: 
No. of Variables: 12 
R-factor: 0.0102 
    
ΔE0≈7.12 eV     







Table S4b. Main interatomic distances, atomic coordination numbers (N) and Debye-Waller factors (σ2) 
calculated from Artemis fitting of the experimental operando Co K-edge FT|k3χ(k)| spectra of CoPc-
GO. S02 denotes the amplitude reduction factor and ΔE0 the energy shift. 
Sample Bond N σ2 r (A) 
CoPc-GO Co-N 4.0 0.00096 1.9090 
S02≈0.65 Co-C 8.0 0.00472 2.9543 
ΔE0≈7.46 eV Co-N 4.0 0.00160 3.3703 
No. of independent points: Co-C 6.0 0.00343 3.7625 
No. of Variables: 10 Co-C 8.0 0.00107 4.2935 
R-factor: 0.0076     
CoPc-GO Open Circuit Co-N 4.0 0.00139 1.9014 
S02≈0.65 Co-O 0.2 0.00992 1.9743 
ΔE0≈7.64 eV Co-C 8.0 0.00376 2.9229 
No. of independent points: Co-N 4.0 0.00050 3.2692 
No. of Variables: 12 Co-C 6.0 0.00654 3.8210 
R-factor: 0.0072 Co-C 8.0 0.00286 4.2857 
CoPc-GO at 1.3 V Co-N 4.0 0.00051 1.9010 
S02≈0.65 Co-O 0.6 0.00924 1.9747 
ΔE0≈7.18 eV Co-C 8.0 0.00586 2.9279 
No. of independent points: Co-N 4.0 0.00106 3.2795 
No. of Variables: 12 Co-C 6.0 0.01329 3.8824 
R-factor: 0.0082 Co-C 8.0 0.00163 4.2878 
CoPc-GO at 1.4 V Co-N 4.0 0.00104 1.9002 
S02≈0.65 Co-O 0.8 0.00880 1.9738 
ΔE0≈7.24 eV Co-C 8.0 0.00336 2.9386 
No. of independent points: Co-N 4.0 0.00232 3.2814 
No. of Variables: 12 Co-C 6.0 0.00143 3.9412 
R-factor: 0.0087 Co-C 8.0 0.00489 4.3001 
CoPc-GO at 1.5 V Co-N 4.0 0.00110 1.9008 
S02≈0.65 Co-O 0.8 0.00544 1.9512 
ΔE0≈6.95 eV Co-C 8.0 0.00348 2.9243 
No. of independent points: Co-N 4.0 0.00114 3.2543 
No. of Variables: 12 Co-C 6.0 0.00s24 3.8964 
R-factor: 0.0092 Co-C 8.0 0.00364 4.2908 
CoPc-GO Removed Co-N 4.0 0.00031 1.9030 
S02≈0.65 Co-O 0.4 0.00992 1.9786 
ΔE0≈7.46 eV Co-C 8.0 0.00342 2.9296 
No. of independent points: Co-N 4.0 0.00233 3.2491 
No. of Variables: 12 Co-C 6.0 0.00082 3.9588 









Table S4c. Main interatomic distances, atomic coordination numbers (N) and Debye-Waller factors (σ2) 
calculated from Artemis fitting of the experimental operando Fe K-edge FT|k3χ(k)| spectra of FePc-GO. 
S0
2 denotes the amplitude reduction factor and ΔE0 the energy shift. 
Sample Bond N σ2 r (A) 
FePc-GO Fe-N 4.0 0.00494 1.9199 
S02≈0.81 Fe-C 8.0 0.00965 2.9814 
ΔE0≈2.28 eV Fe-N 4.0 0.00068 3.3895 
No. of independent points: Fe-C 6.0 0.00605 3.7967 
No. of Variables: 10 Fe-C 8.0 0.00692 4.2964 
R-factor: 0.0066     
FePc-GO Open Circuit Fe-N 4.0 0.00345 1.9293 
S02≈0.81 Fe-O 0.2 0.00827 2.0463 
ΔE0≈1.92 eV Fe-C 8.0 0.00624 2.9850 
No. of independent points: Fe-N 4.0 0.00123 3.3902 
No. of Variables: 12 Fe-C 6.0 0.00551 3.7488 
R-factor: 0.0078 Fe-C 8.0 0.00637 4.2997 
FePc-GO at 1.3 V Fe-N 4.0 0.00617 1.9236 
S02≈0.81 Fe-O 0.6 0.00651 2.0181 
ΔE0≈2.11 eV Fe-C 8.0 0.00930 2.9992 
No. of independent points: Fe-N 4.0 0.00178 3.3943 
No. of Variables: 12 Fe-C 6.0 0.00391 3.6984 
R-factor: 0.0098 Fe-C 8.0 0.00931 4.3140 
FePc-GO at 1.4 V Fe-N 4.0 0.00453 1.9196 
S02≈0.81 Fe-O 0.7 0.00489 2.0275 
ΔE0≈2.05 eV Fe-C 8.0 0.00751 2.9865 
No. of independent points: Fe-N 4.0 0.00320 3.3705 
No. of Variables: 12 Fe-C 6.0 0.00298 3.7692 
R-factor: 0.0099 Fe-C 8.0 0.00738 4.3164 
FePc-GO at 1.5 V Fe-N 4.0 0.00465 1.9165 
S02≈0.81 Fe-O 0.7 0.00630 2.0216 
ΔE0≈2.08 eV Fe-C 8.0 0.00768 2.9780 
No. of independent points: Fe-N 4.0 0.00344 3.3901 
No. of Variables: 12 Fe-C 6.0 0.00467 3.7503 
R-factor: 0.0071 Fe-C 8.0 0.00705 4.3398 
FePc-GO Remove Potential Fe-N 4.0 0.00360 1.9233 
S02≈0.81 Fe-O 0.4 0.00997 2.0423 
ΔE0≈2.09 eV Fe-C 8.0 0.00687 2.9844 
No. of independent points: Fe-N 4.0 0.00382 3.3743 
No. of Variables: 12 Fe-C 6.0 0.00344 3.7367 






Figure S74. Potential active sites among coordinating atoms (C, N1, N2). 
 
Table S5. Free energies of *OH, *O and *OOH on the selected active sites and energy barriers over 
four steps of the OER. 









ΔGA ΔGB ΔGC ΔGD ΔGE ΔGF ΔGG ΔGH 
NiPc-GO-
C 
2.31 4.70 5.64 2.31 2.39 0.94 -0.72 0.72 -0.94 -2.39 -2.31 
NiPc-GO-
Ni 
2.31 4.97 5.92 2.31 2.66 0.95 -0.93 0.93 -0.95 -2.66 -2.31 
NiPc-GO-
N1 
3.13 5.24 5.38 3.13 2.11 0.14 -0.46 0.46 -0.14 -2.11 -3.13 
NiPc-GO-
N2 
5.30 5.51 6.19 5.30 0.20 0.68 -1.27 1.27 -0.68 -0.20 -5.30 
CoPc-
GO-C 
2.45 6.33 5.21 2.45 3.88 -1.12 -0.29 0.29 1.12 -3.88 -2.45 
CoPc-
GO-Co 
1.35 3.61 4.39 1.35 2.26 0.78 0.53 -0.53 -0.78 -2.26 -1.35 
CoPc-
GO-N1 
2.45 3.84 4.39 2.45 1.39 0.55 0.53 -0.53 -0.55 -1.43 -2.45 
CoPc-
GO-N2 
4.35 5.51 6.57 4.35 1.16 1.06 -1.65 1.65 -1.06 -1.16 -4.35 
FePc-
GO-C 
1.75 3.25 6.03 1.75 1.50 2.78 -1.11 1.11 -2.78 -1.50 -1.75 
FePc-
GO-Fe 
0.54 1.62 3.31 0.54 1.08 1.69 1.61 -1.61 -1.69 -1.08 -0.54 
FePc-
GO-N1 
1.92 3.52 5.76 1.92 1.6 2.24 -0.84 0.84 -2.24 -1.6 -1.92 
FePc-
GO-N2 








Table S6. Zero-point energy corrections and entropic contributions to free energies. 
 
Species TS (eV) ZPE (eV) 
*H 0 0.17 
*O 0 0.007 
*OH 0 0.33 
*OOH 0 0.43 
H2 0.41 0.27 
H2O 0.58 0.57 
O2 0.64 0.1 
 
Table S7. Free energies of *O2 and *H2O on the selected Ni, Co and Fe centers in NiPc-GO, CoPc-
GO and FePc-GO. 
 *O2 *H2O 
NiPc-GO -0.56 -0.21  
CoPc-GO -0.42  -0.37 
FePc-GO -1.40 -0.52 
 
 
Figure S75. DFT simulations for the analysis of the energy diagram for OER over NiPc-GO on all 





Figure S76. DFT simulations for analysis of the energy diagram for OER over CoPc-GO on all 

















Figure S78. LSV measurements of Pt, NiPc-GO, CoPc-GO and FePc-GO as working electrodes in a 





Figure S79. All CV curves of GO-300, NiPc-GO, CoPc-GO and FePc-GO for OER and ORR (in O2 





Figure S80. Orientation of the NiPc, CoPc, FePc molecules on graphene with different angles. 
 
Table S8. Relative energies of the configurations with different orientation respect to the most stable 
one. 
 
 NiPc-GO (eV) CoPc-GO (eV) FePc-GO (eV) 
0o    0 0 0 
15o 0.046 0.166 0.072 
30o 0.016 0.138 0.040 












Table S9. Comparison of the OER performances with representative non-noble-metal electrocatalysts. 
 
Catalysts Loading mass  
(mg cm−2 ) 
Overpotential at 10 
mA cm −2 
Electrolyte References 
MPc-GO  0.2 mg cm–2 1.55 V for NiPc-GO 
1.60 V for CoPc-GO 
1.65 V for FePc-GO 
1.0 M KOH This work 
M–NHGF  0.275 mg cm–2  1.56 V for Ni-NHGF 
1.632 V for Co-NHGF 
1.718 V for Fe-NHGF 
1.0 M KOH 1 
S|NiNx−PC/EG 0.15 mg cm-2 1.51 V 1.0 M KOH 2 
Co–Nx|P-
GC/FEG 
0.12 mg cm−2 1.55 V 1.0 M KOH 3 
FeCo-Nx-CN 0.1 mg cm–2 1.60 V 1.0 M KOH 4 
S,N-Fe/N/C-
CNT 
0.6 mg cm−2 1.60 V 0.1 M KOH 5 
NGM-Co 0.5 mg cm−2 1.75 V 0.1 M KOH 6 
Co−C3N4/CNT 2.0 mg cm−2 1.61 V 1.0 M KOH 7 
N/Co-doped 
PCP//NRGO 
0.714 mg cm−2 1.66 V 0.1 M KOH 8 
Ni@NC 0.4 mg cm−2 1.62 V 0.1 M KOH 9 














Table S10. Comparison of the ORR performances with representative non-noble-metal 
electrocatalysts. 
 
Catalysts Loading mass 
(mg cm−2 ) 
E1/2 (V vs. 
RHE) 
Electrolyte References 
FePc-GO  0.2 mg cm–2 0.89 V 0.1 M KOH This work 
Ni–NHGF  0.275 mg cm–2  0.86 V  0.1 M KOH 1 
Co-SAS/HOPNC 0.6 mg cm-2 0.892 V 0.1 M KOH 11 
Co-ISAS/p-CN _ 0.838 V 0.1 M KOH 12 
NPMC-1000 0.15 mg cm-2 0.85 V 0.1 M KOH 13 
S,N-Fe/N/CCNT 0.6 mg cm-2 0.85 V 0.1 M KOH 5 
Co@N-C _ 0.82 V 0.1 M KOH 14 
Co−N/CNFs 0.1 mg cm-2 0.82 V 0.1 M KOH 15 
Fe3C@N-CNT 0.25 mg cm-2 0.85 V 0.1 M KOH 16 
Fe@Aza-PON _ 0.839 V 0.1 M KOH 17 
Fe-N-C 0.4 mg cm-2 0.78 V 0.1 M HClO4 18 
SA-Fe-HPC 0.1 mg cm-2 0.89 V 0.1 M KOH 19 
SA-Fe/NG 0.24 mg cm-2 0.88 V 0.1 M KOH 20 
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